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In this note we propose a model independent framework for inflationary (p)reheating. Our ap-
proach is analogous to the Effective Field Theory of Inflation, however here the inflaton oscillations
provide an additional source of (discrete) symmetry breaking. Using the Goldstone field that non-
linearly realizes time diffeormorphism invariance we construct a model independent action for both
the inflaton and reheating sectors. Utilizing the hierarchy of scales present during the reheating
process we are able to recover known results in the literature in a simpler fashion, including the
presence of oscillations in the primordial power spectrum. We also construct a class of models
where the shift symmetry of the inflaton is preserved during reheating, which helps alleviate past
criticisms of (p)reheating in models of Natural Inflation. Extensions of our framework suggest the
possibility of analytically investigating non-linear effects (such as rescattering and back-reaction)
during thermalization without resorting to lattice methods. By construction, the EFT relates the
strength of many of these interactions to other operators in the theory, including those responsible
for the efficiency of (p)reheating. We conclude with a discussion of the limitations and challenges
for our approach.
The Effective Field Theory (EFT) of Inflation
[1–3] and generalizations to dark energy [4–6] and
structure formation [7] are based on the idea that
there is a physical clock corresponding to the Gold-
stone boson that non-linearly realizes the sponta-
neously broken time diffeomorphism (diff) invari-
ance of the background. In unitary gauge – where
the clock is homogeneous – the matter perturba-
tions are encoded within the metric, i.e. the would-
be Goldstone bosons are ’eaten’ by the metric since
gravity is a gauge theory.
In this paper we would like to extend the
EFT approach to include inflationary (p)reheating.
There are many challenges. In particular, dur-
ing reheating the inflaton undergoes oscillations
while quanta of reheating fields are produced in
a process that can be quite involved and highly
model-dependent. One of our goals in this pa-
per is to alleviate some of this model dependence
through the EFT approach and connect inflation
with the late-time universe. However, it is not ob-
vious that the Goldstone language is useful in the
presence of oscillations – Is the clock still mono-
tonic? Moreover, as degrees of freedom of the infla-
ton are converted into reheat fields the composition
of the Goldstone would seem to change if we con-
sider that the matter driving the expansion (thus
spontaneously breaking time diffs) changes from
inflaton oscillations initially into reheating fields as
time progresses. In the remainder of this note we
will address these issues, construct an EFT for re-
heating and present a few checks and applications
of our approach1.
REHEATING, BROKEN SYMMETRIES
AND A HIERARCHY OF SCALES
Current observations require that if inflation
took place it must have eventually ended leading
to a hot and thermal universe by the time of Big
Bang Nucleosynthesis. The process by which the
inflaton’s energy is transferred into other particles
is known as reheating. This process can occur per-
turbatively [9–11], or non-perturbatively in a pro-
cess known as preheating [12–14]. Existing investi-
gations of (p)reheating typically rely on choosing a
particular potential and then examining the choice
of parameters that leads to a successful model.
However, one property that most models have in
common is that particle production results during
background oscillations of the inflaton field φ0(t).
A key observation of our approach is that as long
as the inflaton dominates the expansion the back-
1 A detailed analysis will appear shortly in [8]
2ground will evolve as
H(t) = HFRW(t) +Hosc(t)P (ωt), (1)
where the first term dominates and implies an adi-
abatically evolving, monotonically decreasing con-
tribution to the expansion rate and the second
term leads to an oscillatory correction which is
sub-leading. That is, HFRW > HoscP (ωt) with
P (ωt) a quasi-periodic function. This evolution
of the background spontaneously breaks time diffs
t → t + ξ0(t, ~x) first to a discrete symmetry2 and
then completely. That is, if we probe the back-
ground at energies E ≫ ω ≫ H(t), time diffs
are realized as a symmetry. This remains true
until we consider energies comparable to ω. At
such energies HFRW and Hosc will remain nearly
constant preserving time diffs, but the symmetry
will be broken by P (ωt) to a discrete symmetry
t → t + 2πω−1. At lower energies both HFRW and
Hosc will also evolve breaking the discrete symme-
try. This symmetry breaking pattern is a natural
consequence of the hierarchy of scales that appears
in reheating, i.e. high energy (small wavelength)
modes probe inflaton oscillationsE/ω, whereas low
energy (large wavelength) probes capture the ex-
pansion of the background E/HFRW and we have
HFRW/ω ≪ 1 during reheating. We will use these
facts below to construct the EFT of reheating in
terms of the Goldstone boson that non-linearly re-
alizes the broken time diffs.
Before proceeding we would like to be a little
less abstract by what is meant by (1). Consider
a simple reheating model where the inflaton oscil-
lates in a potential V ≃ m2φ20. In this case we can
solve for the background evolution and one finds3
[16]
H(t) = Hm −
3H2m
4m
sin(2mt+ δ) + . . . , (2)
where Hm = 2/(3t) is the Hubble rate in a matter
dominated universe with scale factor a(t) ∼ t2/3, δ
2 Discrete symmetry breaking during inflation was consid-
ered in [15].
3 Here we present the growing mode solution and neglect
an irrelevant decaying mode.
is a constant phase, and dots represent terms sup-
pressed by higher powers of Hm/m. We see that
(2) is of the form of (1) corresponding to a matter
dominated universe corrected by oscillations sup-
pressed by powers of Hm/m. At energies compa-
rable to the mass of the inflaton we have that the
inflaton oscillations break the time diffs, whereas
for energies H . E ≪ m the matter dominated
expansion is primarily responsible for the break-
ing. This is another way of stating the familiar
fact that on scales comparable to the Hubble ra-
dius reheating with a massive inflaton oscillating
in a quadratic potential looks like a matter dom-
inated universe, whereas on small scales one can
treat the particle production as a local process and
in many cases neglect the presence of gravity.
In general the potential can be more compli-
cated and the large scale evolution can depart from
matter domination. In particular, for an infla-
ton oscillating in a potential with leading term
V ∼ φ0(t)
n the frequency of oscillations will be
ω ∼ 1/(
∫
dφ0(V0 − V (φ0))
−1/2) where V0 is the
initial value of the potential and the frequency can
depend on the initial amplitude of the inflaton [17].
It is only for the case of harmonic motion that ω
is constant. For this general potential the leading
term in (1) is then given by HFRW = H0a−3n/(n+2),
which only corresponds to matter domination for
n = 2. At this point reheating looks rather model
dependent. However our approach will remove the
model dependence by focusing on a few proper-
ties shared by all such models. Firstly, the hierar-
chy ω >> H is preserved by all reasonable choices
of potential. Secondly, all we need to construct
the EFT is that the background evolution spon-
taneously breaks time diff invariance. As stressed
by the authors of [2], the background itself is not
an observable and instead it is the perturbations
about the background that are observable. Noting
these facts, we now proceed to construct our EFT
for inflationary reheating.
INFLATON DECAY, REHEATING, AND
THE ROLE OF THE GOLDSTONE
For successful models of reheating, the energy
density will evolve from inflaton oscillations ini-
3tially to a relativistic bath of particles. This means
that the fields responsible for spontaneously break-
ing the time diff invariance will change. In [1] it
was argued that the Goldstone approach goes be-
yond quasi-de Sitter (inflationary) spacetime and
holds for any FRW universe as given by (1). In-
deed, this holds for any number of matter fields
φm(t) contributing to the background energy den-
sity with perturbation
δφm(t, ~x) = φm (t+ π(t, ~x))− φm(t). (3)
This perturbation corresponds to a common, local
shift in time for all the fields. In the long wave-
length limit this corresponds to the adiabatic mode,
which Weinberg demonstrated obeys a conserva-
tion theorem regardless of the matter content of
the universe [18]. The field π(x) is the desired
Goldstone mode and we will use it to construct
an EFT of reheating below. In addition to this
mode, isocurvature modes may also be present –
especially given couplings of the inflaton to the re-
heat fields. Weinberg addressed this concern in
[19] and demonstrated that for single field (single
clock) inflation as the inflaton decays into reheat
fields any source of non-adiabaticity would decay
sufficiently fast to preserve the dominance of the
adiabatic mode4. Given this, we will use π(t, ~x) to
construct our theory of reheating, noting that as
inflatons are converted to reheat fields we are sim-
ply making use of the adiabatic mode description.
The procedure for constructing the EFT follows
analogously to that for inflation [2]. Working in
unitary gauge we construct the EFT of fluctuations
for reheating in the gravitational and inflationary
sectors as5
S =
∫
d
4
x
√
−g
[
1
2
m
2
pR +m
2
pH˙g
00 −m2p
(
3H2 + H˙
)
+
M42 (t)
2!
(
δg
00)2 + M43 (t)
3!
(
δg
00)3 + . . .
]
, (4)
4 This conclusion remains true even for multi-field inflation
as long as local, thermal equilibrium with no non-zero
conserved quantities occurs sometime following inflation
[20].
5 We work in reduced Planck units mp = 1/
√
8piG =
2.44 × 1018 GeV with ~ = c = 1 and with a mostly plus
(−,+,+,+) sign convention for the metric.
where g00 = −1+δg00 and the dots represent terms
higher order in fluctuations and derivatives. Just
as in the inflationary case we now introduce the
Goldstone π which non-linearly realizes time diffs.
This forces non-trivial relations between the op-
erators in (4) – e.g. modifications to the sound
speed and some interactions are both fixed by M2.
We see that because of the symmetry breaking the
sound speed during inflaton oscillations is not pro-
tected and in general cpi 6= 1.
One of the utilities of the EFT approach is
that it is often useful to take a decoupling limit
where H˙ → 0 and m2p → ∞ while the combina-
tion remains fixed. This limit makes more precise
the usual assumption in (p)reheating that parti-
cle creation is a local process and one typically
ignores contributions coming from gravitational
terms6 when calculating the number of particles
produced [14].
For now we focus on operators fixed by tadpole
cancelation and take M2 = M3 = . . . = 0. In
spatially flat gauge the quadratic action in the de-
coupling limit is
S2 =
∫
d
4
xa
3
m
2
p
[
−H˙
(
p˙i
2 − a−2(∂ipi)2
)
− 3H˙2pi2
]
,
(5)
which by canceling the tadpoles has left us with co-
efficients fixed by the background evolution. Intro-
ducing the canonical field πc = mp(−2H˙)1/2π one
can show that the term responsible for breaking the
shift symmetry is due to the oscillatory behavior of
the time-dependent potential of the inflaton (cor-
responding to an operator Oˆpi ∼ V ′′π2c ) and does
not come from mixing with gravity. As in the EFT
of Inflation the leading mixing with gravity scales
as Emix = ǫ1/2H = H˙1/2, although a difference for
us is given V ∼ φn0 then ǫ = 3n/(n+2) is typically
an order one number. The decoupling limit will
be useful for probing scales with E ≫ Emix, but
other times it is appropriate to include corrections
coming from the mixing with gravity. One useful
aspect of (5) is to study the stability of sub-horizon
6 During preheating modes within a particular resonance
band can redshift, but it was shown in [14] that this effect
can be neglected since the modes that initially start in the
dominant resonance band give the dominant contribution
to production.
4perturbations against collapse. Just as in studies
of ghost condensation [21], including higher correc-
tions to the EFT (e.g. M2 6= 0) could lead to new
and consistent models for (p)reheating.
Depending on the question one is asking it may
or may not be useful to take the decoupling limit.
For example, in understanding the behavior of
modes that are re-entering the horizon during re-
heating it is useful to calculate the leading correc-
tions to (5) coming from the mixing with gravity.
In that case, we consider modes between the two
hierarchical scales k/(am)≪ 1 while k/(aH) & 1.
The leading mixing term is
∆S2 = −
1
2
∫
d4xa3
(
2H¨
H
)
π2c , (6)
which we have written in terms of the canoncial
field πc. One can show that this leading correction
results in a growing, oscillatory contribution to the
power spectrum. For example, if we choose the
particular case V ∼ m2φ20, we find this correction
leads to the main result of [22], where those au-
thors performed a full analysis (including all grav-
itational perturbations).
Part of the utility of our approach is that inflaton
self-interactions will also be fixed by the symme-
tries. For (p)reheating this implies that if one is
interested in interactions, which determine rescat-
tering and backreaction effects, the coefficients for
these terms that appear in the action will also be
fixed by the same symmetries. We postpone fur-
ther discussion of this for the future and instead
turn to the issue of particle production of the re-
heat field.
REHEATING FIELDS AND COUPLING TO
THE INFLATON
Given the EFT description above, we now cou-
ple the inflationary sector to an additional reheat
field σ(t, ~x). We will be interested in the produc-
tion of σ(t, ~x) particles resulting from the oscil-
lations of the background inflaton field φ0(t). In
unitary gauge, the production of particles by the
background will result from operators7 f(t)Oˆn(σ).
7 We do not require the reheat field to be shift symmetric.
At the quadratic level this gives
S
(2)
σ =
∫
d
4
x
√
−g
[
−
α1(t)
2
g
µν
∂µσ∂νσ
+
α2(t)
2
(∂oσ)2 −
α3(t)
2
σ
2 + α4(t)σ∂
o
σ
]
, (7)
where we see that the broken time diffs allow for
a non-trivial sound speed c2σ = α1/(α1 + α2). The
action (7) already accounts for many existing mod-
els in the literature. For example, preheating with
V ∼ g2φ20σ
2 corresponds to α1 = 1, α2 = α4 = 0
and α3 = g2φ0(t)2. Whereas, if we require the
inflaton to remain shift symmetric throughout re-
heating, as one might anticipate in models of Nat-
ural Inflation, then we consider interactions of the
form (∂µφ0)2σ2/Λ2, where Λ is the cutoff for the
background. Our approach captures this model by
now choosing α3 = 2φ˙0(t)2/Λ2. It has been found
that preheating in models that preserve an inflaton
shift symmetry is not efficient [23]. One reason for
this is that naively we assume that the energy of
the fields can not exceed the cutoff Λ. However, an
advantage of our EFT approach is that the param-
eters, such as α3, can be completely non-linear and
their origin is irrelevant since the background itself
is not physically observable. This is analogous to
the EFT of Inflation, where noting that the back-
ground is not an observable the authors assume, a
priori, a quasi-de Sitter background and then study
the EFT of fluctuations about that background.
Although the parameters are not directly ob-
servable, we can constrain the EFT parameters in
several ways. Just as in the case of the inflaton
above, avoiding instabilities will place constraints.
Moreover, we must require that the coefficients vi-
olate adiabaticity so that particles are produced
– this implies that α˙3/α23 ≫ 1. When adiabatic-
ity fails σ-quanta will be produced. A calculation
of the precise number of particles that results from
the violation would require a detailed investigation
and would seem to still be model dependent. How-
ever, an advantage of our approach is that these
same coefficients will enter into interaction terms
with their form dictated by non-linearly realizing
time diffs. Interactions between inflaton particles
(δφ ∼ π) and the reheat particles (σ) will have
two origins in the EFT. Firstly, upon reintroducing
the Goldstone field via t → t + π the coefficients
5in (7) will generate interactions. Secondly, there
will be mixing terms of the form ∼ (δg00)mOˆn(σ).
As an example of the first type there is an oper-
ator ∼ α˙3πσ2 and so we see when adiabaticity is
violated α˙3 ≫ α23 this interaction would become
important. Details will appear in [8], here we just
want to emphasize that the symmetries will enforce
connections like this and so our approach connects
successful particle production (violations of adia-
baticity) with the interactions that are important
for understanding particle back-reaction, rescatter-
ing, and the details of thermalization.
REMARKS AND CONCLUSIONS
In this note we have outlined a program to estab-
lish a model independent approach to (p)reheating.
We have seen that requiring the Goldstone to non-
linearly realize the broken time diffeomorophisms
implies important connections between the back-
ground dependent parameters of the EFT. In par-
ticular, we have seen that the amount of parti-
cle production and the sound speed is related to
the strength of interactions which are important
for understanding the duration of (p)reheating and
the thermalization process.
There are some challenges for our approach. We
have assumed initially that the reheat field does
not substantially contribute to the energy density.
This assumption is certainly justified during the
first phases of preheating [14], however as particles
continue to be produced they may influence the
duration of reheating. In the case of the EFT of
inflation this can cause an ambiguity in the (clock)
Goldstone description [24]. Here we have argued
that by tracking the adiabatic mode and neglect-
ing any isocurvature we can avoid this problem,
but this issue requires a more careful investiga-
tion. Another issue is that unlike the EFT of in-
flation where primordial non-gaussianity (or lack
of it) was an important observation for restricting
the parameters of the EFT, such observations seem
rather irrelevant8 for (p)reheating. Instead, aside
8 A possible exception would be in models where the cou-
from the possibility of gravity wave signatures, our
main application is developing a framework to an-
alytically understand the thermalization process9.
As we have seen above, the form and strength of
these interactions are restricted by the symmetries.
This, along with the model independence that re-
sults from our treatment of the background sug-
gests this is a promising approach to further de-
velop.
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